Nitrate contamination of groundwater is a global issue that has stimulated significant research interest. Understanding the prevailing processes of nitrate removal from groundwater, influences of process conditions and the performance of various approaches are vital for successfully dealing with nitrate remediation. Natural and engineered processes of nitrate removal from groundwater are discussed with focus on the performance of natural and engineered innovative techniques for nitrate removal from groundwater. Nitrate removal from groundwater can be accomplished through microbial autotrophic and heterotrophic mechanisms in the subsurface under natural and engineered conditions. The application of these processes to in-situ and ex-situ nitrate removal is also discussed in this review. Further, the effect of temperature, pH, electron donor and biogeochemistry on groundwater nitrate removal are elaborated. While natural attenuation processes result in small amounts of nitrate removal from groundwater, engineered processes are able to achieve significantly higher nitrate removal from groundwater. However, the challenges of secondary pollution need to be addressed in adopting these technologies for groundwater treatment for potable use.
INTRODUCTION
The use of groundwater resources is increasingly becoming prominent in both developing and developed nations.
Groundwater represents the world's largest volume of unfrozen freshwater resource (Margat & van The World Health Organization (WHO) has set drinking water standards for nitrate as 50 mg/L (WHO ).
One of the notable health impact of long-term ingestion of water with elevated nitrate concentrations (i.e. >50 mg/L) is methemoglobinemia, which is popularly called the 'blue baby syndrome' in infants below six months (Lorna ) .
With the increased consumption of groundwater globally, there is therefore the need for innovation of technically and economically feasible, scalable and efficient alternatives for treating nitrate in groundwater.
The dynamics of nitrate pollution of groundwater and its attenuation in the subsurface porous unconfined/confined rocks is governed by complex biogeochemical processes (Bourke et al. ) . Table 1 shows a summary of the some of the previous studies of heterotrophic denitrification of groundwater.
However, research focus is directed toward developing slow releasing polymers/carbon sources that are capable of sustaining denitrification rates over extended periods (Chu & Wang ) . A slow releasing organic carbon source for denitrification was prepared from starch and 
Autotrophic denitrification of groundwater
Autotrophic denitrification of groundwater is widely considered to be cost effective, feasible to scale up and On the other hand, bacteria from the genera Paracoccus, Thiobacillus, Thiosphaera can use reduced sulphur compounds as the energy source for denitrification (Hiscock et al.
; Archna et al. ). Autotrophic denitrification occurs
according to the following reactions (Equations (5) and (6)): illustrated the relation between temperature and denitrification using the Arrhenius equation (Equation (7)):
where
In Equation (7) Heterotrophic denitrification is an alkaline producing process that alters the final reaction process to near neutral pH. Buffering mechanisms in carbonate aquifers may serve to control the acidification of the denitrification process.
Effect of toxic inorganic compounds
The presence of toxic inorganic compounds in groundwater have been shown to inhibit groundwater denitrification rates.
Groundwater chemistry may be impacted through geogenic or anthropogenic influences that may result in significant concentrations of inorganic and organic toxic pollutants. . Innovative membrane applications limit secondary pollution of treated water significantly.
PHYSICO-CHEMICAL METHODS OF NITRATE REDUCTION FROM GROUNDWATER
Reductive denitrification by zero-valent iron 
Reverse osmosis
Reverse osmosis (RO) technology is used in pump and treat (P&T) applications to remove nitrate from groundwater. In the RO process, contaminated groundwater is extracted and pumped through reverse osmosis cells under high pressure (ca 300-1,500 psi) (Archna et al. ) . Similar to ion exchange technology, reverse osmosis may be used for saline nitrate impacted groundwater. As an example, reverse osmosis technology has been widely applied for nitrate removal from drinking water in South Africa (Schoeman & Steyn ) . However, the operational costs, membrane fouling and deterioration, as well as maintenance of the RO system, may pose challenges which must be considered.
Furthermore, issues concerning the disposal of brine effluent from the RO process should also be addressed.
Adsorption-based processes
Groundwater treatment technologies adopt ion-exchange processes, reverse osmosis, adsorption, electro-dialysis, Table 2 . For in-situ groundwater denitrification, the carbon electron donors must be able to support denitrification for 
